H EXAPLOID wheat (2n ϭ 6x ϭ 42, Triticum aestiincreased food production. Hexaploid wheat is comvum L.) is one of the world's cornerstone crops, posed of three genomes (A, B, and D), each of which feeds more people than any other crop ‫006ف(‬ million tons is produced annually), and is the most widely contains seven pairs of chromosomes, which have been identified and characterized by Sears (1966) , who established that there is a strong homoeologous relationship among chromosomes belonging to the three ge- include that it is an allohexaploid composed of ‫000,61ف‬ 5 times the size of the rice (Oryza sativa L.) genome. Howand rice (Sorrells et al. 2003) . Results of mapping ever, even with the large size of this hexaploid genome, these ESTs into the seven wheat homoeologous chromothe genes within the three component genomes remain some groups are presented in this issue in accompalargely colinear (Van Deynze et al. 1995) . Extensive nying articles by Hossain et al. (2004) , Linkiewicz et aneuploid stocks have been developed, including nullial. (2004) , Miftahudin et al. (2004) , Munkvold et al. somic-tetrasomic and ditelosomic lines (Sears 1954 (Sears , 1966 (2004) , Peng et al. (2004) , Randhawa et al. (2004) , and Sears and Sears 1978) . The ability of the homoeolo- Conley et al. (2004) , with a summary, genome-wide gous chromosomes of polyploid wheat to buffer losses of analysis by Qi et al. (2004) . The present report describes chromosome fragments has been shown and developed the generation of project ESTs, the selection and prepa- (Endo 1988 (Endo , 1990 ) and a collection of overlapping deleration of unique EST probes for large-scale mapping of tion lines involving all chromosome arms has been accuwheat genes, the basic rationales and protocols utilized mulated and characterized (Endo and Gill 1996; for mapping with wheat aneuploid and deletion stocks, et al. 2003) . The breakpoints of the sequential deletions the bioinformatics tools used and developed to coordiavailable for a chromosome arm define physical segnate this large multi-institution project, and current ments (bins) for that arm. This deletion series offers a methods to access and query the project EST and binunique opportunity to perform bin mapping of all sinmapping data. gle-dose restriction fragments by their presence or absence in DNA from members of the deletion population.
Expressed sequence tags (ESTs) are short cDNA se-
MATERIALS AND METHODS
quences that serve to "tag" the gene from which the EST production and probe preparation messenger RNA (mRNA) originated and that can serve multiple important uses. Typically, anonymous ESTs are usda.gov/wEST) and into the NCBI dbEST resource using rameters (penalty, Ϫ5; minmatch, 50; minscore, 100) were set to allow like-sequences with 90% identity over a 100-base NCBI sequence-submission protocols to annotate sequences.
Contig assemblies: To determine the unique nature of selength to form contig clusters. Periodic assemblies were performed as sequence pools increased. In addition, assemblies quences within the collections, assembly algorithms were applied to the sequence pools using the phrap algorithm (http:/ / were performed on the cDNA libraries individually to assess the level of library redundancy (http:/ /wheat.pw.usda.gov/ www.phrap.org). Assemblies were performed on all sequences advanced through the sequence cleaning process. Phrap pa-NSF/library_redundancy.html). Sequencing within a library manually or on a BioRobot 8000 (QIAGEN). An aliquot of the purified PCR products was separated by electrophoresis in a 1% agarose gel, stained with ethidium bromide, and photographed. The bands were sized and quantitated using mass and size standards and Quantity One software (Bio-Rad, Hercules, CA). The amplification was considered successful if one prominent DNA band was generated. Aliquots of the purified PCR products were transferred to new plates and shipped to the mapping laboratories to be used as mapping probes. In some cases validated clones were sent and the mapping laboratory performed their own amplifications of inserts as described in the accompanying articles.
Gene ontologies
Each sequence was also searched against the UniProt database (Release 1.5, TrEMBL, Swiss-Prot, and PIR at http:/ / www.ebi.ac.uk/uniprot) resources (Apweiler et al. 2004 ) using blastX, and best matches (E-value Ͻ10 Ϫ10 ) were compared to terms of the Gene Ontology (GO) Consortium. Using GO/ UniProt comparison tables, candidate GO assignments were predicted on the basis of EST matches to the UniProt refer- Figure 1 .-Overview of sequence processing and database ence sequences. Categories were assigned on the basis of bioentry. The column on the left shows, from top to bottom, the logical, functional, and molecular annotations available from data processing pipeline for EST sequencing and preparation GO (http:/ /www.geneontology.org/). of the unigene set for genome mapping. At all steps of the process, data were entered into wheat EST databases (wESTBioinformatics DB), accessible from http:/ /wheat.pw.usda.gov/wEST. Archives used for blast comparisons included nonredundant Throughout the process from the generation of ESTs to (NR), dbEST (EST), and local Triticeae (TR) databases. Sethe mapping of a subset of them, data were transferred sequenquences deposited into databases were derived from initial 5Ј tially to several relational databases (http:/ /wheat.pw.usda. sequencing, formed assembly contigs, and 5Ј/3Ј validation gov/wEST), culminating with the GrainGenes database (http:/ / sequencing.
wheat.pw.usda.gov) from which they were further distributed to additional public databases such as NCBI and Gramene ( Figure 1 ). As sequences were processed, background inforcontinued with the identification of additional unique semation was stored using a MySQL-based relational database quences, the goal being to reduce redundancy. The results as a laboratory information management system, hosting inforfrom the global assembly of all project ESTs were used to mation to keep track of clone information, clone production, estimate the extent of ESTs unique to a specific library and DNA isolation, sequencing queues, and storage archives. to estimate the number of unique clusters assembled using the A series of perl script programs, termed sweeping steps, Triticeae sequences. Subassemblies also compared candidate were used to trim down sequence files to limit the final output gene clusters between the species represented in the EST to cleaned sequence data (Table 2) . Files were generally hanpool (bread wheat, durum wheat, diploid wheat, rye, and Ae.
dled on a run-by-run basis to keep track of clone-library associaspeltoides).
tions for each of the sequences. The sequence was marked Candidate sequences for bin mapping were further up to identify vector-spanning regions of the sequence by screened to eliminate sequences for which matches were cross-match (http:/ /www.genome.washington.edu/UWGC/ found in a series of formatted databases using the blastN protocols) and the identified regions were read by the proalgorithm (Altschul et al. 1997) . Databases included UniVec cessing script to further trim down the sequence. The blastN/X (NCBI), E. coli (NCBI, GenBank), plastid and mitochondria reports from the screening steps were parsed using perl scripts (GenBank), rRNA (GenBank), and the T riticeae rep etitive to upload information into the online databases. ESTs with (TREP) element collection (Wicker et al. 2002) ; ESTs with no or only poor matches to the nonredundant databases were significant matches (E-value Ͻ10 Ϫ20 ) to the previous databases subjected to further comparison using blastN against the NCBI were removed. All processed EST sequences were compared dbEST collection. Information parsed from blast reports into the NCBI nonredundant databases by the blastN and blastX cluded all matched sequences, the blast score, and the E-value algorithms using default settings (Altschul et al. 1997) .
(E-value Ͻ 10 Ϫ4 ), and sequence alignment values. Additional Probe selection and preparation: Probe selection followed information included tagging the matched database sequence a stringent series of steps to assure minimal problems when to specific plant taxa, concentrating on species of grasses. All performing Southern analysis in the mapping labs. ESTs seproject data are accessible at http:/ /wheat.pw.usda.gov/wEST. lected for validation were rearrayed into 384-well format, 5Ј
Nomenclature was developed to facilitate tracking and data resequenced to confirm clone identity, then 3Ј sequenced to interlinks. Sequence names allowed for tracking plate origin, provide additional validation or to eliminate sequences where well position, and primers used in the sequencing reaction. The original name from the sequencing run was changed to 5Ј sequences did not overlap, but were from the same original sequence. ESTs with 3Ј sequence similarity Ͼ90% over at least reflect action at each processing step (Table 2) . For example, from line 1 of Table 2 , the sequence 0064_H10_O20 is a 100 bases were considered as duplicates and not suitable for bin mapping. Inserts were amplified by PCR using vectorrandom cDNA picked into well O20 of a 384-well deep-well microtiter plate for original growth. This 384-well plate was based primers flanking the vector cloning site and purified using QIAQuick 96 kits (QIAGEN, Chatsworth, CA) either named "0064-0067" to indicate that, when expanded to 96- well plates for sequencing, it generated 96-well plates numcorresponding to each EST selected from the unigene set was hybridized to membranes of genomic DNA from each bered 64, 65, 66, and 67. H10 is the well of this clone in plate 64, and O20 the well in the original 384-well plate. The letter aneuploid and stock digested with EcoRI and blotted onto five membranes of 30 lanes each. DNA, digested with HindIII Z indicates the end of clone information, and S indicates the primer used in sequencing. Subsequent information included and Bst EII, was used as a size marker. All five membranes were used in each single hybridization reaction (http:/ /wheat.pw. the original length of read (1032 bp), the start position of the QRL (fifth nucleotide), the length of the QRL maintaining usda.gov/NSF). Procedures used for genomic DNA isolation, restriction endonuclease digestion, gel electrophoresis, and phred 20 quality (596 bp), and the type of trace file read by the phred program (from an ABI sequencer). After steps 3 DNA gel blot hybridization were as described in Qi et al. (2003) and Akhunov et al. (2003a) , unless otherwise noted, and are and 4, removing vector sequences, the QRL was 552 bp in length. At this point, a laboratory designator was added (WHE, available on line at http:/ /wheat.pw.usda.gov/NSF/project/ mapping_data.html. in this case). Laboratory designators are an internationally recognized system to identify clones via three to four letters.
To provide uniformity in screening mapping data, a template for labeling lanes for each of the five membranes was The list of designators can be found at http:/ /wheat.pw.usda. gov/ggpages/Lab.Designators.html. On submission to Genused by all 10 laboratories for the images generated by autoradiography. A standard template and guidelines for reporting Bank, the sequence received its GenBank accession designation following NCBI protocol. mapping data and laboratory assessments of the results was also provided. A world-wide-web interface (WWW) was used to facilitate the uploading of mapping data and image files EST mapping by the mapping labs. Project laboratory designators and rearrayed probe plate numbers were added to EST GenBank accesPlant materials: The collection of stocks in the Chinese sion numbers to identify the mapped loci (Table 3) . Multiple Spring background used for mapping EST-specific restriction restriction fragments were resolved by numbering autoradiofragments consisted of a set of 21 nullisomic-tetrasomic lines graph bands in order, starting with 1 for the largest detected (Sears 1954 (Sears , 1966 , 24 ditelosomic lines (Sears and Sears fragment.
1978), and 101 chromosome deletion lines (Endo and Gill
The large scale of this project, wide geographic distribution 1996; Qi et al. 2003) , which make possible the mapping of of laboratories, and critical need for accuracy in scoring autofragments to chromosomes, chromosome arms, and subarm radiographs were addressed by a threefold scoring of each locations (bins), respectively. The bin designations were based EST. Each hybridization profile was analyzed twice in the mapon the observed fractional position of the bounding deletion ping laboratory where it was produced and uploaded to the breakpoints in the chromosome arm as determined by cytogeproject website where it was scored again by the coordinators netic observation; this set of deletion stocks delineates 159 assigned to each of the seven homoeologous groups. All scordistinct chromosome bins (Qi et al. 2003) . Deletion stocks ing and accompanying comments were compiled through the were obtained from the Wheat Genetics Resource Center, WWW interface. Conflicts were resolved by further communiDepartment of Plant Pathology, Kansas State University, Mancation and, if necessary, joint examination of original blots. hattan, Kansas. The nullisomic-tetrasomic and ditelosomic anOnly confirmed data were used for analyses. Data for ESTs euploids (Sears 1954; Sears and Sears 1978) were obtained for which map positions have not been accepted remain as from both the Wheat Genetics Resource Center and the "unconfirmed," and resolution of these data is ongoing. The USDA-Sears collection of wheat genetic stocks (USDA-ARS/ project's homoeologous chromosome group coordinators are University of Missouri).
N. L. V. Lapitan, Colorado State University, group 1; J. A. Seeds of the aneuploid and deletion stocks were shipped Anderson, University of Minnesota, group 2; M. E. Sorrells, to the 10 mapping laboratories (Table 3 and (Table 1) . Results of sequencing from each library were library since the endosperm library was a pool of endosperm at stages ranging from early endosperm developregularly monitored to assess success at generating novel sequences. Figure 2 shows examples of such monitoring ment through maturing endosperm. An example of a library that continued to produce a relatively high perfor five libraries. The library from spikes, 20-45 days past anthesis (DPA; TA017E1X), showed only a small centage of new sequences after deeper sequencing was the preanthesis spike library (TA019E1X). number of new sequences even by 1000 ESTs, consistent
As part of unigene validation and probe selection, all with the mRNA source from maturing seeds whose main candidate ESTs were 3Ј sequenced, and a total of 14,579 protein synthetic activity is completion of grain fill. The 3Ј sequences were generated for a project total of endosperm library (TA00E1X) continued generating 113,220 ESTs deposited in GenBank. The first ESTs new sequences well beyond that of the maturing spike were deposited in GenBank in July 2001, representing the first large-scale deposition of wheat ESTs to GenBank and the major contribution of the United States to the ITEC wheat EST goal. As of January 2004, there were 577,538 wheat, 377,074 barley, and 9194 rye ESTs in GenBank. Wheat currently ranks first among all plants (and fourth among all organisms), with barley third. Pooling the ESTs of wheat and barley with those of the other species of Triticeae yields ‫000,779ف‬ ESTs available to research for candidate gene searches, hybridization probes, or other uses, made possible by the close genetic relationships among these species. This is by far the largest such DNA sequence resource for any plant except where the entire genome has been or is being sequenced (e.g., Arabidopsis and rice). EST classification: All project ESTs, contigs, and classifications; e.g., one could have multiple enzyme functions, be associated with a particular organelle, and March 17, 2003, was selected as a cutoff date for defining a subset of entered and verified mapping data for confer disease resistance. Figure 3 shows distribution of this project's ESTs on the basis of the Gene Ontology subsequent use in the in-depth analyses presented in the accompanying articles in this issue. At that time, the sorting and includes classifications of those project ESTs having a significant GO assignment, plus the wheat procombined work of the 10 mapping labs had produced and verified 4485 mapped ESTs (http://wheat.pw.usda. lamines not currently covered in GO (gliadin and glutenin classes of wheat seed proteins, polypeptides known gov/NSF/progress_mapping.html). Mapping data subfor high proline and glutamine content).
Unigene sets and probe selection: The project's final contig assembly yielded 18,876 contigs and 23,034 singletons from 116,739 ESTs. A total of 25,310 ESTs representing unigenes were advanced for the probe validation process.
At each step of the validation and insert preparation process there was sample attrition due to the failure to grow cultures, obtain DNA, validate 5Ј sequence, obtain 3Ј sequence, obtain nonduplicative 3Ј sequence, or yield an appropriate PCR product. Even with only a small percentage of failures at each step, only 43% of the original ESTs advanced for probe generation passed all stages of validation and preparation. In cases where ESTs that failed to validate were members of a contig, another contig member was chosen for the next round lanes for deletions 3BS-9 or 3BS-1. mission and verification continued from that time and was distributed into Gramene (Ware et al. 2002) , allowing comparison of the alignments of wheat sequences as of February 2, 2004, 8318 A blast analysis capability was developed for comparbut could not have been mapped to a bin. The number of ESTs for a homoeologous group, totaled from a bining a user-supplied sequence to all project ESTs, ESTs by library, contigs, and mapped contigs. This capability by-bin analysis, will exclude these, yielding a total less than that obtained when analysis is by genome. More has been expanded to include all GenBank Triticeae ESTs separately, which can be blast searched by cultivar, detailed presentation of these results is provided in Qi et al. (2004) . contig assemblies from international collaborations, full-length sequence modeled for a barley Affymetrix query for a specific probe by accession name provides to associated probe data, including links to the wESThomoeologous chromosomes caused by locus duplications and deletions correlate with recombination rates. Proc. Natl. Acad.
